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Abstract
Oxidised cytochrome c oxidase is known to react with two molecules of hydrogen peroxide to form consecutively 607 nm
‘Peroxy’ and 580-nm ‘Ferryl’ species. These are widely used as model compounds for the equivalent P and F intermediates of
the catalytic cycle. However, kinetic analysis of the reaction with H2O2 in the pH range 6.0^9.0 reveals a more complex
situation. In particular, as the pH is lowered, a 580-nm compound can be formed by reaction with a single H2O2. This
species, termed F, is spectrally similar, but not identical, to F. The reactions are equivalent to those previously reported for
the bo type quinol oxidase from Escherichia coli (T. Brittain, R.H. Little, C. Greenwood, N.J. Watmough, FEBS Lett. 399
(1996) 21^25) where it was proposed that F is produced directly from P. However, in the bovine oxidase F does not appear
in samples of the 607-nm form, PM, produced by CO/O2 treatment, even at low pH, although this form is shown to be
identical to the H2O2-derived P state, PH, on the basis of spectral characteristics and kinetics of reaction with H2O2.
Furthermore, lowering the pH of a sample of PM or PH generated at high pH results in F formation only on a minutes time
scale. It is concluded that P and F are not in a rapid, pH-dependent equilibrium, but instead are formed by distinct pathways
and cannot interconvert in a simple manner, and that the crucial difference between them lies in their patterns of
protonation. ß 2000 Elsevier Science B.V. All rights reserved.
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1. Introduction
The catalytic mechanism of oxygen reduction by
cytochrome c oxidase is thought to include ‘peroxy’
(P) and ‘ferryl’ (F) intermediates (c.f. [1]). These spe-
cies were ¢rst described in reversed electron transfer
studies using coupled mitochondria [2,3], and have
since been observed in the forward reaction of fully
reduced cytochrome c oxidase [4,5] and other haem-
copper oxidases [6,7] with oxygen. In the visible re-
gion P and F are characterised by distinct peaks at
607 nm and near 580 nm, respectively, but in the
Soret region both species exhibit a similar red-shift
relative to the oxidised state [8]. Overall, the redox
states of P and F di¡er from the oxidised enzyme (O)
by 2 and 3 reducing equivalents, respectively [9].
Whereas F is recognised to be an Fe(IV)NO CuB(II)
ferryl compound, the structure of P (formally a fer-
ric-peroxy adduct) has been controversial, particu-
larly on the point of whether the O^O bond is intact.
Recent MCD, resonance Raman and other data sug-
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gest that both intermediates may be ferryl species
[10^14].
Species related to P and F can be formed by alter-
native means. At high pH, incubation of oxidised
enzyme with CO and oxygen results in a 607 nm
compound [15,16], presumably by a two electron re-
duction by CO, followed by reaction of the mixed-
valence product with oxygen. This has been termed
PM to distinguish it from the P state transiently
formed in the oxygen reaction of fully reduced en-
zyme (PR) where the binuclear centre contains an
additional electron on CuB [4].
Oxidised enzyme can also react with H2O2 to pro-
duce 607- and 580-nm compounds. The extent and
rate of reaction, and the ratio of the forms, depend
on pH and H2O2 concentration [17^19]. Brie£y, low
pH will yield largely, or even exclusively, the 580-nm
species whilst higher pH and micromolar H2O2 levels
will favour accumulation of a 607-nm compound,
here called PH.
It has been shown [20] that the reaction of oxidised
cytochrome bo from E. coli with H2O2 proceeds via
the PH state to two spectrally identical ferryl com-
pounds, termed F and F. F is formed from PH by
reaction with a second H2O2 molecule, whereas F is
thought to be generated from PH in a unimolecular
reaction, presumably by taking an electron from a
site within the protein, possibly by oxidation of
Cu(II) to Cu(III) or by the formation of a free rad-
ical from an amino acid side chain or the haem
group [13,20]. There is evidence that oxidised bovine
enzyme may also react with H2O2 by two pathways
to form F and F (cf. [9,19]), but conclusive data are
as yet lacking. Two radical EPR signals were ob-
served following the incubation of cytochrome c ox-
idase with H2O2 [19], although at low occupancy
(less than 0.1 spin per enzyme) and with maximum
intensity for the dominant signal under conditions
where, by inference from the data on cytochrome
bo from E. coli [20], formation of F rather than F
is expected. However, in a more recent study of Par-
acoccus denitri¢cans cytochrome c oxidase [21] only
one radical species, attributed to a tyrosine, was
found on reaction with H2O2.
In this paper we investigate the possible multiplic-
ity of 607- and 580-nm forms in bovine cytochrome c
oxidase, and their relation to each other.
2. Materials and methods
2.1. Preparation of bovine heart oxidase
Cytochrome c oxidase was prepared by a proce-
dure [22] which yields ‘fast’ enzyme with monophasic
cyanide binding kinetics and a characteristic Soret
maximum at 424 nm. It was quantitated optically
from the dithionite-reduced minus oxidised di¡erence
spectrum using an extinction coe⁄cient of
vO606ÿ621 nm = 25.7 mM31 cm31 [8].
2.2. Optical spectroscopy
Optical spectra and multiwavelength kinetics were
monitored at room temperature in the same sample
using a single-beam instrument built in house.
2.3. Calibration of H2O2 solutions
The H2O2 stock was a 30% (w/v) stabilised solu-
tion, i.e. equivalent to 8.8 M H2O2, which was stored
at 4‡C. Dilutions to between 500 and 5 mM were
prepared in double-distilled water and calibrated op-
tically using an extinction coe⁄cient at 240 nm of
40 M31 cm31 [23]. Values agreed with concentrations
determined by measurement of the oxygen evolved
when the solution was added to 50 mM potassium
phosphate pH 7.5 containing 104 U/ml catalase in a
Clark-type electrode. Diluted solutions were kept on
ice and used within 4 h.
2.4. Electron paramagnetic resonance spectroscopy
Continuous-wave EPR spectra were recorded on a
Jeol RE1X spectrometer ¢tted with an Oxford In-
struments cryostat. Conditions of measurement
were as indicated in the ¢gure legends. Spin inten-
sities were quantitated by double-integration and
calibrated against a sample of known concentration
of photo-oxidised P700 in photosystem I particles
from spinach, prepared using Triton X-100 as de-
scribed previously [24]. The concentration of P700
was determined optically from an ascorbate-reduced
minus ferricyanide-oxidised di¡erence spectrum using
an extinction coe⁄cient of 64 mM31 cm31 at 703
nm. P700 was generated by illuminating the sample
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in the EPR tube for 60 s and freezing in liquid nitro-
gen under illumination.
2.5. Kinetic simulations
In order to account for intermediates during a se-
quential reaction, the kinetics of reaction of H2O2
with cytochrome c oxidase were analysed by com-
puter simulation using KINSIM software [25,26].
In order to simulate data in the visible region, a
matrix of extinction coe⁄cients for PH and F relative
to oxidised enzyme is required (Table 1) which was
derived from values given in [8]. Since the peak posi-
tions and extinction coe⁄cients of both compounds
show only slight pH-dependent variations, only a
single set of extinction coe⁄cients was used for all
pH values.
3. Results
3.1. Kinetics and pH dependency of the interaction of
H2O2 with cytochrome c oxidase
As shown in Fig. 1A, the reaction of cytochrome c
oxidase with H2O2 gave varying amounts of 607- and
580-nm species depending on pH and H2O2 concen-
tration (c.f. [19]). At pH 6.5, reaction of H2O2
yielded almost entirely a 580-nm compound, regard-
less of H2O2 concentration. In contrast, at pH 8.5,
low H2O2 levels resulted in predominantly the 607-
nm form PH with contaminations by 580-nm species
too small to perturb the shape and position of the PH
L-peak at 568^570 nm, whereas with millimolar
H2O2 the product was purely a 580-nm compound.
Kinetics were measured over a concentration range
of 10^5000 WM H2O2, and in the pH range 6.0^9.0.
As the reaction may be coupled to release of super-
oxide [27], superoxide dismutase was included in all
assays. Indeed, the absence of superoxide dismutase
led to spectral distortions in the Soret region and the
appearance of an additional kinetic phase due to
accelerated decay of the 580-nm species (not shown).
This e¡ect was more pronounced at low pH (6 7.0)
and/or higher (s 250 WM) H2O2 concentrations.
It has previously been reported that incubation of
oxidised enzyme at low pH a¡ects the extent and
number of kinetic phases [18]. However, this was
seen following extended (hours) preincubation at
low pH and was hence likely to arise from accumu-
lation of ‘slow’ enzyme. In the present experiments,
the enzyme was exposed to low pH for no more than
10 min during the course of the reaction with H2O2,
so that conversion of unreacted ‘fast’ oxidase to the
‘slow’ form was negligible. This was con¢rmed by the
unchanged extent of reaction over the pH range
studied and by the absence of any additional kinetic
phases attributable to the ‘slow’ form.
As the Soret band positions and extinction coe⁄-
cients of the 607- and 580-nm species are very similar
Fig. 1. pH and H2O2 concentration dependency of reaction of
H2O2 with oxidised cytochrome c oxidase. ‘Fast’ bovine heart
cytochrome c oxidase (3.5 WM) was suspended in 0.1 M potas-
sium phosphate bu¡er containing 0.05% (w/v) lauryl maltoside
and 80 U/ml superoxide dismutase. Di¡erence spectra at equili-
brium versus oxidised cytochrome c oxidase are shown in A.
The lower panel shows kinetic experiments at pH 6.5 (B) and
8.5 (C). At t = 0 s, H2O2 was added to the following ¢nal con-
centrations: (1) 10 WM, (2) 100 WM, (3) 500 WM, and (4)
1000 WM. Monitoring wavelengths are as indicated. Note that
B and C have the same vA scale, but di¡erent time scales.
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(see Fig. 1A) progress curves recorded in the Soret
region re£ect largely the interaction of the ¢rst H2O2
molecule with O, and are only little a¡ected by fur-
ther reaction steps. Hence, we focused on kinetic
changes in the visible region where multiphasic ki-
netics were observed at 607 minus 630 nm (represent-
ing predominantly PH) and at 576 minus 630 nm
(representing mostly the 580-nm species). Typical ki-
netic data for pH 6.5 and 8.5 are shown in Fig. 1B
and C, respectively. At pH 8.5, transient formation
of the 607 nm species occurs at H2O2-dependent
rates, followed by a decay that is roughly concurrent
with formation of the 580-nm form and is also H2O2
concentration-dependent. In contrast, at pH 6.5,
much less 607-nm compound is observed, and in-
stead formation of the 580-nm species predominates,
again at an H2O2-dependent rate.
The experimental traces could be simulated with
two types of model (Fig. 2). In Scheme 1 of Fig. 2,
reaction with the ¢rst H2O2 produces PH which then
reacts by multiple pathways to yield two 580-nm
compounds, F and F. In particular, F arises from
PH in a spontaneous equilibrium reaction. This
mechanism is based on that previously described
for cytochrome bo from E. coli [20], but omitting
back reactions for the H2O2-dependent steps
OCPH and PHCF, and incorporating instead the
reaction of F with a further molecule of H2O2 to
regenerate the oxidised state [27]. This change did
not signi¢cantly a¡ect estimations of forward rate
constants. In the mechanism of Scheme 2 of Fig. 2,
PH and F are not directly related, but are alternative
products of reaction of O with one H2O2 molecule,
with F formation favoured as the pH is lowered. A
second H2O2 converts both PH and F to F. Other
models, such as a linear two-step reaction from PH
to F via F were also tested, but did not ¢t the data
satisfactorily.
Using the mechanism of Scheme 2 (Fig. 2), a com-
plete set of rate constants for the pH range studied
was obtained, and values at pH 6 and 8 are summa-
rised in Table 2. However, in order to allow compar-
ison with data reported for the bo-type quinol oxi-
dase from E. coli [20], the table also includes values
obtained by kinetic analysis using Scheme 1 in Fig. 2.
3.2. Spectral characteristics of F and F 
Since the data of Fig. 1 and the deduced schemes
of Fig. 2 imply that reaction of cytochrome c oxidase
with H2O2 can yield two distinct 580-nm com-
pounds, F and F, the question arises as to whether
these show any spectral di¡erences. Some indication
of such di¡erences may be seen in the spectra in Fig.
1A, where the 434-nm Soret peak position of the
580-nm compound produced at pH 6.5 and 10 WM
Fig. 2. Mechanistic models for the reaction of oxidised cyto-
chrome c oxidase with H2O2. Top: Scheme 1. Bottom:
Scheme 2.
Fig. 3. A comparison of optical spectra of the F and F spe-
cies. ‘Fast’ bovine heart cytochrome c oxidase (3.5 WM) was
suspended in 0.1 M potassium phosphate bu¡er containing
0.05% (w/v) lauryl maltoside and 80 U/ml superoxide dismu-
tase. F was generated with 1 mM H2O2 at pH 6.5 and F with
10 WM H2O2 at pH 6.5, as in Fig. 1. Their di¡erence spectra
versus the oxidised enzyme were normalised so that both had a
Soret band vA (peak to trough) of 1.0, and were then sub-
tracted to obtain the F minus F di¡erence spectrum.
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H2O2 and assumed to be primarily F is consistently
at a lower wavelength than the 435^436 nm Soret
band of the 580-nm F species formed with 1mM
H2O2 at pH 6.5 and at pH 8.5. This can be seen
more clearly in Fig. 3 where di¡erence spectra versus
the oxidised enzyme of F (generated with 1 mM
H2O2 at pH 6.5) and F (generated with 10 WM
H2O2 at pH 6.5) are plotted, together with the di¡er-
ence between them which highlights the shift in Soret
band position. This shift persisted in samples con-
taining potassium ferricyanide, making it unlikely
that it was caused by partial reduction. Di¡erences
between the spectra in the visible region were less
clear, but the absence of any peak in the 604^607-
nm region also indicated that the Soret band di¡er-
ence did not arise from partial reduction.
3.3. Comparison of the P-type compounds generated
with H2O2 and CO/O2
Although PM, the 607 nm compound generated by
the CO/O2 method, appears to be spectrally identical
to PH (c.f. [19]), their equivalence has not been es-
tablished de¢nitively. In order to compare the two
species further, we examined the e¡ects of pH on PM
and the kinetics of its reaction with H2O2.
In the experiment of Fig. 4, PM was generated by
bubbling oxidised cytochrome c oxidase with carbon
monoxide under aerobic conditions. The extent of
PM formation was strongly pH dependent with an
apparent pK of 7.25 and an observed n value of 2
(Fig. 4A,B), reaching essentially quantitative conver-
sion to PM at pH 9.0. However, under anaerobic
conditions the CO-bound mixed-valence state was
formed quantitatively down to pH 6 [28]. Mixing
with oxygen then quantitatively converted the mixed
valence form solely to the 607 nm PM which subse-
quently decayed to a degree which increased as the
pH was lowered (not shown). Hence, the extent of
PM formation in Fig. 4 represents a steady state
caused by the balance of rate of formation with the
rate of reaction with a further CO to regenerate the
oxidised state. The pH dependency of the steady-
state occupancy level is due mostly to an accelerated
reaction of PM with CO (at 1 mM CO pseudo-¢rst-
order rate constants were 0.00065 and 0.015 s31 at
pH 9 and 6, respectively). At the same time, the
pseudo-¢rst-order rate constant of PM formation de-
creases as the pH is lowered (0.0065 and 0.0015 s31
at pH 9 and 6, respectively), although to a lesser
extent than those of the onward reaction.
Apart from changes in its magnitude, the spectrum
of PM was pH independent between pH 6 and 9 (Fig.
4C) and identical to that of PH, although at low pH
(6 7.0), a redshift of the Soret peak indicative of
some haem reduction was observed after several mi-
nutes of incubation, concomitant with the appear-
ance of an EPR signal (not shown) ascribed to CuB
[29^33]. Identical features of PM and PH have also
been observed by resonance Raman spectroscopy
[34]. A noteworthy feature of the optical spectra of
PM, particularly at low pH, was the complete ab-
sence of any distinct 580-nm band. Mixing the
mixed-valence CO-compound with oxygen at low
Fig. 4. Formation of PM by aerobic incubation of oxidised cy-
tochrome c oxidase with carbon monoxide. 3.5 WM cytochrome
c oxidase were suspended in 0.1 M potassium phosphate bu¡er
at various pH values and containing 0.05% (w/v) lauryl malto-
side. Formation of PM was initiated by slowly bubbling CO
through the samples for 30 s under aerobic conditions. (A) for-
mation of PM monitored at 607 minus 630 nm. (B) Maximum
extent of PM formation versus pH. For comparison, experimen-
tal data are overlaid with curves calculated with the Hender-
son^Hasselbach equation for a site involving 1 (dotted line) or
2 (solid line) protons, both with pK = 7.25. (C) di¡erence spec-
tra versus the oxidised enzyme of PM generated at pH 9 (solid
line) or pH 6 (dashed line, multiplied by 8).
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pH also generated only PM, without detectable 580-
nm species. Only when PM was pre-formed (at pH
8.5) and then subjected to a pH change to 6 could
formation of a 580-nm compound be seen (Fig. 5).
This was also the case when PH was pre-formed with
H2O2 at pH 8.5 and subjected to a pH drop to 6.
Provided residual CO or H2O2 were removed before
the pH drop, as in the experiments of Fig. 5, the
observed rate constants of conversion were equiva-
lent, consistent with the identity of PM and PH.
However, this rate constant was estimated to be
0.01 s31, which is two orders of magnitude lower
than the 1^2 s31 required at pH 6 for the mechanism
shown in Scheme 1 of Fig. 2.
A further test of identity of PM with PH is a com-
parison of their reaction with H2O2 to give a 580-nm
compound. In order to minimise interference of re-
sidual oxidised enzyme, the kinetics of the PM reac-
tion were studied only at pH 8.5 where the initial
formation of PM was close to quantitative. Measure-
ments in the Soret region gave little absorbance
change since the total concentration of (PM+F) re-
mains constant, but real time experiments monitored
at 607 nm minus 630 nm showed an H2O2 concen-
tration-dependent decay of PM, with individual
traces following monoexponential kinetics (not
shown). A linear plot of kobs versus H2O2 concentra-
tion yielded a bimolecular rate constant of 58 þ 3
M31 s31, which is very similar to the estimated rate
constant for the same reaction of PH (Table 2). The
spectrum, in particular the position of the Soret
peak, of the 580-nm product of reaction of PM
Fig. 6. EPR spectra of free radicals produced on addition of
H2O2 to cytochrome c oxidase. Cytochrome c oxidase (35 WM)
was suspended in 0.1 M MES bu¡er pH 6.5 (traces A^C) or
0.1 M Tricine pH 8.5 (traces D and E) containing 0.05% (w/v)
lauryl maltoside and 100 U/ml superoxide dismutase. H2O2 ad-
ditions and incubation times at room temperature were as fol-
lows: A, 50 WM H2O2, 1 min; B, 0.5 mM, 15 s; C, 0.5 mM
3 min; D, 50 WM, 3 min; E, 0.5 mM, 3 min. After treatment,
samples were frozen in liquid nitrogen. In order to remove con-
tributions to the spectra from oxidised CuA, a control spectrum
has been subtracted of untreated cytochrome c oxidase at the
same pH, recorded under identical conditions. Conditions of
measurement were: temperature, 45 K; microwave power,
200 WW; microwave frequency, 9.089 G; scan speed, 5 mT
min31 ; modulation amplitude, 0.5 mT; time constant, 0.3 s.
Fig. 5. E¡ect of pH change on PM or PH formed at pH 8.5.
PM (circles) was generated with CO/O2 and PH (squares) with
1 mM H2O2, both at pH 8.5, as described in the legends to
Figs. 4 and 1, respectively, except that the bubbling time with
CO was lowered to 15 s. PH was then treated with 1000 U/ml
catalase to remove excess H2O2, and PM was purged with
argon for 2 min to remove CO, as indicated. Subsequently, the
pH was lowered to 6 by addition of an appropriate amount of
phosphoric acid and kinetics were monitored at 608 minus
630 nm. The inset shows di¡erence spectra versus the oxidised
state immediately before acid addition (solid lines) and at the
end of the reactions (dashed lines).
Table 1
Matrix of extinction coe⁄cients (in mM31 cm31) for PH and F
relative to the oxidised enzyme used to simulate kinetic traces
at the wavelength pairs 580^630 nm and 607^630 nm (derived
from [8])
Wavelength pair PH F
580^630 nm 1.9 4.0
607^630 nm 10.4 1.9
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with H2O2 was indistinguishable from that of the F
state formed via PH by reaction of oxidised enzyme
with millimolar H2O2 at the same pH, as in Fig. 1A.
3.4. H2O2 induced EPR signals
If F is an oxyferryl species and is formed by re-
action with only a single H2O2, as either scheme in
Fig. 2 implies, then, as is the case for compound I in
peroxidases, an electron must be provided by the
protein thus forming an associated radical species.
Two radical signals in oxidase samples treated with
H2O2 have previously been observed by Fabian and
Palmer [19], with linewidths of 45 and 11 G, respec-
tively. Their ratio and amounts varied with pH and
H2O2 concentration. However, at the time the exis-
tence of two ferryl forms, F and F, as derived from
PH, was not recognised. Furthermore, the authors
reported that the narrow signal was particularly in-
tense at alkaline pH and millimolar H2O2, i.e. under
conditions when F (and PH) rather than F was
formed, although it is F that might most be ex-
pected to be associated with a radical. Hence, based
on the kinetic parameters obtained in the optical ex-
periments described above, EPR samples at di¡erent
pH values and H2O2 concentrations were prepared
to cover a range of conditions which yield known
levels of PH, F and F.
We could reproduce, measuring at 45 K rather
than 12 K [19], EPR spectra composed of two radical
Table 3
Comparison of occupancies of EPR detectable radicals and populations of the PH, F and F states
trace in Fig. 6 Total radical occupancy Population of
PH F F
A 0.13 9 0.03 0.70^0.85 0.04^0.11
B 0.20 0.07^0.10 0.75^0.85 0.07^0.10
C 0.24 9 0.03 0.50^0.60 0.40^0.50
D 0.10 0.55^0.65 0.10^0.20 0.10
E 0.15 9 0.10 9 0.05 0.85^0.93
Spin concentrations of the total radical signal (broad plus narrow) as shown in Fig. 6 were obtained by double integration as de-
scribed in Section 2. Populations of the PH, F and F states following incubation with H2O2 were calculated based on Schemes 1 or 2
of Fig. 2, and variations between the models are within the range of values given.
Table 2
Rate constants for the reaction of bovine heart cytochrome c oxidase with H2O2 at pH 6.0 and 8.0
Reaction Bovine cytochrome c oxidase Cytochrome bo from E. colid
Scheme 1a Scheme 2a
pH 6 pH 8 pH 6 pH 8
OCP (M31 s31) 750 þ 100 550 þ 50 0.8 þ 0.1 400 þ 50 391c 1000^2000
OCF (M31 s31) ^ ^ 450 þ 50 60 þ 10 ^
PCF (s31) 1.6 þ 0.6 0.035 þ 0.01 ^ ^ 1
FCP (s31) 0.1 þ 0.05 0.07 þ 0.01 ^ ^ negligible
PCF (M31 s31) 75 þ 25 45 þ 5 90 þ 20 35 þ 10 58 þ 3a;b, 38c 200
FCF (M31 s31) ^ ^ 50 þ 20 9 40
FCO (s31) 75 þ 25 6 þ 4 0.3 þ 0.2 15 þ 10 not determined
Kinetic analysis was carried out for the reactions depicted in Schemes 1 and 2 of Fig. 2. Also included are rate constants for cyto-
chrome bo from E. coli at pH 8.0 [20] and values measured by Weng and Baker [18] for the reactions OCPH and PHCF (termed
the decay phase at 606 nm by the authors) in the bovine enzyme (at pH 9).
aThis work.
bPM+H2O2 at pH 8.5.
cAt pH 9.0, from [18].
dFrom [20].
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signals with 12 and 45-G linewidth, respectively (Fig.
6) and di¡erent power saturation behaviour. The
higher temperature resulted in lower signal/noise in
comparison to data in [19], but was used to ensure
that quantitation against a P700 standard was done
under conditions in which samples and standard
were not saturated. Half saturation (at 45 K) oc-
curred at 1.7 mW for the narrow and v 3.2 mW
for the broad signal. This is comparable with the
previous results at 12 K [19], where the narrow signal
was partially saturated even at 12.5 WW, whereas the
broad signal only began to saturate above 0.2 mW.
The total spin concentration due to the two radical
species did not exceed 24% of the total oxidase con-
centration (maximum at pH 6.5, 2 mM H2O2). Non-
speci¢c H2O2 e¡ects could be excluded as the origin
of the signals because they were not observed in
samples preincubated with cyanide or formate or ex-
posed to CO following the H2O2 treatment (not
shown). The signals were not induced by free super-
oxide generated in the reduction of PH and F by
H2O2 [27] since superoxide dismutase was present
and its absence did not lead to higher signal inten-
sities (not shown). These control experiments demon-
strated that the radicals are associated with the bi-
nuclear centre. Since the signals showed di¡erent
power saturation behaviour (see above) and time de-
pendencies (Fig. 6B,C) it can be concluded that they
represent two distinct species. In agreement with pre-
vious results [19], the broad signal dominated at low
H2O2 levels (Fig. 6A,D), whilst the narrow signal
arose largely at increased H2O2 concentrations
(Fig. 6B,C,E). However, there was no clear correla-
tion between the levels of any intermediate, in par-
ticular F, as predicted from the above kinetic experi-
ments, and the EPR signal intensities (Table 3).
4. Discussion
4.1. Multiplicity of 580- and 607-nm species
Following the report of a branched pathway for
the H2O2 reaction of oxidised cytochrome bo from
E. coli [20,35] the question arose as to whether bo-
vine heart oxidase would react in a similar way. The
results presented here demonstrate that at least two
580-nm species, F and F, can indeed be produced
in cytochrome c oxidase, following reaction of O
with one and two H2O2, respectively. Individual op-
tical spectra of F and F have been resolved. Previ-
ously Proshlyakov and co-workers have presented
resonance Raman evidence that the 580-nm form in
bovine cytochrome oxidase does not denote a single
species [12]. Bands at 785/750 cm31 and 355/340
cm31 in the 16O2 minus 18O2 di¡erence spectra have
di¡erent pH dependencies and can, in retrospect, be
assigned to F and F, respectively.
In contrast to the duplicity of 580-nm forms, the
optical (this work) and resonance Raman [34] spec-
tral characteristics of PM and PH, as well as the
similarity in their rate constants for their reaction
with H2O2 to form F and for their spontaneous de-
cay to 580-nm species at low pH, lead to the con-
clusion that these species are identical.
4.2. The relations between F, F and P
The reaction kinetics with H2O2 can be modelled
as described by Brittain et al. [20] where F is gen-
erated by reversible unimolecular decay of PH
(Scheme 1 of Fig. 2), thus apparently extending the
similarity in behaviour of di¡erent members of the
haem-copper oxidase superfamily. Regardless of
model, however, there are some quantitative di¡er-
ences between the kinetics of the bo-type [20] and
bovine oxidases. This is illustrated in Table 2, where
kinetic constants have been derived using the model
in Scheme 1 (Fig. 2). The rate constants of the E. coli
enzyme are higher throughout by a factor of between
2 (OCPH) and 30 (PHCF), thus accounting for the
observation that in the E. coli enzyme F is quanti-
tatively produced by stoichiometric H2O2 even at
alkaline pH [35]. Furthermore, in the analysis based
on Scheme 1 (Fig. 2), the rate constants of the bovine
enzyme show a di¡erent pattern of pH dependency
where a strong pH e¡ect is required primarily for the
spontaneous conversion of PH to F. The OCPH,
PHCF and FCO steps would only be weakly pH
dependent. In contrast, in the E. coli enzyme, it is the
H2O2-dependent reactions of OCPH and PHCF
which respond most strongly to pH (pK of 8.3 and
7.7, respectively [20]).
However, whilst Scheme 1 of Fig. 2 was satisfac-
tory to describe and simulate the kinetic data at dif-
ferent, ¢xed pH values, we have made a number of
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observations which question its validity. Speci¢cally,
there are several points which indicate that the rate
constant for interconversion of PH and F is not
su⁄ciently rapid. First, when either PH or PM was
pre-formed at alkaline pH and the pH was then
dropped, decay to F was observed (Fig. 5), but at
rates that were orders of magnitude slower than the
rate constant of 1^2 s31 required by the mechanism
of Scheme 1 (Fig. 2). Second, the extent of CO/O2
induced formation of PM was strongly pH-depen-
dent, but the product did not contain appreciable
F, even at low pH. This absence of F means that
its rate of reaction with CO (presumably, to regen-
erate O) must be much faster than its rate of forma-
tion from PM and, in a separate experiment (not
shown), we determined an observed rate constant
for F reaction with 1 mM CO at pH 6.5 to be
0.14 s31. Hence, both of these ¢ndings show that
decay of PH to F is far slower than that required
by Scheme 1 of Fig. 2, and, as a result, the model in
Scheme 2 of Fig. 2 is favoured. In this model, PH
and F are alternative initial products of the reaction
with a single H2O2, but a direct PH/F conversion is
very slow (0.01 s31, Fig. 5). The pathway to F may
require uptake of proton(s), thus conferring the ob-
served pH dependency of extent of F formation,
although the sequence of reaction of the proton
and the H2O2 with the O-state cannot be determined
from the present data. A preprotonated form of O
involved in the H2O2 reaction at low pH must be
distinct from the much slower (minutes to hours)
low pH-induced transition from ‘fast’ to ‘slow’ en-
zyme since the pathway to becomes accessible within
seconds of lowering the pH (data not shown) and
because the ‘slow’ enzyme is unreactive towards
H2O2. As yet, however, we have failed to detect
any pH-dependent spectral changes in oxidised oxi-
dase (other than those attributable to the fast/slow
conversion) that would be consistent with multiple
protonation states of the oxidised form.
Scheme 2 of Fig. 2 also o¡ers a possible explan-
ation of ¢ndings with cytochrome c oxidase from
Rhodobacter sphaeroides where the conserved gluta-
mic acid-286 had been replaced by a glutamine [36].
This enzyme appears to be unable to form P species,
but can still generate a 580-nm form. In the light of
the present analysis, this species seems likely to be F
which can still be formed in the mutant with a wild-
type rate constant via the pathway of Scheme 2 since
this does not involve a P intermediate.
We have previously reported that in the E. coli bo-
type oxidase the CO/O2-induced steady-state is char-
acterised by an occupancy of 40% F without any
discernible PM [13,35]. However, this measurement
was made several minutes after oxygen addition. It
appears likely in retrospect that that this system will
behave qualitatively like the bovine system and that
PM will form ¢rst, with only very slow subsequent
change to the F state. In fact, the slowness of this
transition seems evident from the later analysis re-
ported in [6]. Lack of accumulation of PM at steady
state on long time scales presumably arises from dif-
ferences in the rate of reaction with CO to regenerate
the oxidised state.
4.3. Associated radical signals and structural
implications
Both F and P are formed from the oxidised state
by addition of only two equivalents. However, F
appears to correspond spectrally to an oxyferryl
form, a state requiring three equivalents compared
to the oxidised state. This has already led to the
suggestion of associated radical species [13,35]. Sim-
ilar radicals could be associated with P as it has been
argued on the basis of resonance Raman data that
the oxygen^oxygen bond is already broken in this
state [11,12,34], a condition also requiring a third
redox equivalent. The additional electron could
come from the porphyrin to form a Z-cation radical
as in compound I of horseradish peroxidase [37,38]
although it has been argued on the basis of MCD
results that the porphyrin ring is not oxidised in F in
the bo-type oxidase from E. coli. [13]. Alternatively, a
protein radical may be formed, as is the case for
compound I of cytochrome c peroxidase [39,40].
The histidine ligands of CuB, the covalently linked
Tyr-244^His-240 pair (bovine numbering) revealed in
the re¢ned crystal structure [41], or possibly nearby
tryptophans would be good candidates for an amino
acid radical. The possibility of a Tyr-244 radical in P
has variously been suggested recently [34,42,43]. It
has also been suggested that the required electron
might be taken from CuB, giving an EPR-silent
Cu(III) species [13].
It has previously been reported that treatment of
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bovine heart cytochrome c oxidase with H2O2 indu-
ces two EPR-detectable radical species [19]. The
present study con¢rms that radical signals from
two di¡erent species can be detected following the
reaction with H2O2. Control experiments con¢rm
that both are associated with the binuclear centre.
However, in agreement with Fabian and Palmer’s
¢ndings [19] there is no clear correlation between
signal intensities and the simulated population of
any of the intermediates. This may have a number
of reasons, including temperature related equilibrium
shifts on freezing. Spin coupling between some of the
radical population and nearby metals could also re-
duce the intensity of the EPR signals. In addition,
the signals may be the central feature of a very wide
spectrum, such as that seen in the porphyrin Z-cation
radical of horseradish peroxidase [38], thus leading to
an underestimation of the true spin concentration if
only a section of the spectrum is used for quantita-
tion.
Preliminary electron nuclear double resonance
(ENDOR) studies suggest that the narrow and broad
components may be assigned to a porphyrin Z-cation
radical and a tryptophan, respectively (Rigby, Ju«ne-
mann, Rich and Heathcote, unpublished results).
However, at present we are unable to correlate the
level of either radical species with that of a speci¢c
intermediate. Furthermore, in a recent study of reac-
tion of H2O2 with the homologous cytochrome c
oxidase from Paracoccus denitri¢cans [21], only a
single radical species, attributable to a tyrosine rad-
ical, was found. To complicate issues further, Fabian
and Palmer [14] have suggested that even the 607-nm
P form is itself initially a radical-bearing oxyferryl
species, but that the radical in this case is quite rap-
idly re-reduced by unspeci¢ed means. Clearly, further
investigations will be required before the radical state
of each form can be de¢ned reliably.
What is more certain, however, is that it is pH
which is critical in determining whether P or F is
formed, with low pH favouring the route to F. If the
protonation pattern of these states is the primary
di¡erence between them, then their extremely slug-
gish interconversion requires comment. It is pro-
posed that such slowness is likely to arise from the
positions of the protonation sites associated with
each form, which are separated such that it is not
possible to easily exchange protons between them.
Further study of this phenomenon may provide in-
sights into the protonatable residues involved.
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